A ternary (Fe 0:82 Ga 0:18 ) 85 B 15 alloy was vitrified by melt spinning at wheel velocities of over 28.5 m/s. Two exothermic peaks were observed at onset temperatures of 692 K and 787 K. The melt-spun amorphous alloy ribbon exhibits saturation magnetostriction of þ30Â10 À6 at the field of 80 kA/m. The magnetostriction increased by crystallization, i.e. precipitation of the bcc-Fe(Ga) phase, and reached a maximum value of þ62 Â 10 À6 in conjunction with good response which is same as that for the as-spun amorphous sample. The maximum value is equivalent to that of the random orientated polycrystalline Fe 82 Ga 18 alloy. In addition, the crystallized Fe-Ga-B alloy had better response as compared with the polycrystalline Fe 82 Ga 18 alloy. The reason why the Fe-Ga-B alloy exhibits the high magnetostriction even in the coexistent state with C16-Fe 2 B and L1 2 -Fe 3 Ga phases, seems to result from the precipitation of the supersaturated bcc-Fe(Ga) solid solution with high Ga concentrations as the crystallization -included phase.
Introduction
It has been recently reported that the bcc A2-Fe(Ga) alloy exhibits large magnetostriction which increases with increasing Ga content. 1) There have also been some data on the relationship among magnetostriction, crystal structure and magnetic anisotropy for Fe-Ga single crystal and polycrystalline alloys. [1] [2] [3] It is known that the A2 single crystal in Fe-Ga binary system has weak magnetic anisotropies, 2) and exhibits the positive high magnetostriction of 3=2 <100> $350 Â 10 À6 at room temperature. 1, 2) The magnetostriction behavior was considered to originate from the formation of short-range Ga cluster into the bcc-Fe solid solution. 4, 5) However, the addition of excessive Ga element causes the embrittlement of the alloy through the formation of several intermetallic compounds 2, 3) in addition to the decrease of magnetostriction. 1, 3) The aim of this study is to vitrify an Fe 82 Ga 18 alloy by addition of B element by using the rapid solidification technique, to present magnetostriction and crystallization behavior of the resulting Fe-Ga-B ternary amorphous alloys, and to investigate the effect of crystallization on the magnetostriction characteristics. In addition, the mechanism for the increase of magnetostriction in the crystallized state is investigated on the basis of structural data.
Experimental Procedures
(Fe 1Àx Ga x ) 85 B 15 (x: 0$0:24) alloy ingots were prepared by arc melting the mixtures of high purity iron >99:98 mass.%, gallium >99:9999 mass.% and boron >99:5 mass.% in an argon atmosphere. The alloy compositions represent the nominal atomic percentages. Rapidly solidified alloy ribbons with a cross-section of 21 mm Â 1:1 mm were produced by the melt-spinning technique in an argon atmosphere. The structures in as-spun and crystallized states were examined by X-ray diffraction (XRD) with Cu-K radiation and transition electron microscopy (TEM) combined with nanobeam EDX. The heat treatment was made in a quartz tube in 13 kPa argon atmosphere, followed by ice water quenching. The compositions of all ribbon samples were examined by scanning electron microscopy -energy dispersion X-ray spectroscopy (SEM-EDX). Crystallization temperature was measured with a differential scanning calorie-meter (DSC). Magnetostriction was measured by the capacitance bridge method with resolution ability of 0:5 Â 10 À6 . Saturation magnetization and coercive force were measured by a vibrating sample magnetometer (VSM). These magnetic measurements were made at room temperature. Figure 2 shows DSC curves of the (Fe 1Àx Ga x ) 85 B 15 amorphous alloys produced at 34.1 m/s. The Ga content range in which an amorphous single phase is formed is less than 0.21. The (Fe 0:76 Ga 0:24 ) 85 B 15 alloy consists mainly of crystalline phases. The DSC curves of the amorphous alloys show two exothermic peaks. The crystallization temperature (T x ) gradually increases with increasing Ga content. However, excessive Ga addition of over 0.18 causes the broadening of the first exothermic peak to the low temperature side. Thus, the crystallization temperature and crystallization behavior are depend out on Ga content. The mixing enthalpies of Fe-Ga, Fe-B and Ga-B atomic pairs are À2, À11 and +21 kJ/mol, respectively. Excessive Ga addition also causes the decrease of amorphous-forming ability in addition to the lowering of crystallization temperatures. The primary crystallization phase is a bcc phase followed by L1 2 phase. In addition, the C16 phase is seen in the sample annealed at higher temperatures. This result indicates that the precipitation of the C16 phase corresponds to the secondary exothermic reaction.
The two-stage exothermic behavior has also recognized for the amorphous Fe 85 B 15 binary alloy. [6] [7] [8] The stable precipitation phase is a bcc-Fe at the primary stage and C16-Fe 2 B compound at the second stage. The maximum solid solubility of Ga in A2-Fe(Ga) phase in the Fe-Ga binary equilibrium state 9) are about 18 at% at 713 K and 773 K. Excessive Ga addition causes the formation of L1 2 -Fe 3 Ga and B2-FeGa compounds. Neither compound nor solid solution is formed in Ga-B binary system. Three phases of bcc, L1 2 and C16 phases precipitate in the crystallization process of the Fe-Ga-B amorphous alloy. Therefore, it is concluded that the primary bcc-Fe phase dissolves Ga element. That is, the bcc Figure 4 shows the magnetostriction () curves of the (Fe 0:82 Ga 0:18 ) 85 B 15 alloy ribbons annealed at various conditions. The data of the melt-spun Fe 82 Ga 18 alloy ribbon are also shown for comparison. The melt-spun (Fe 0:82 -Ga 0:18 ) 85 B 15 amorphous ribbon has saturation magnetostriction (s) of þ30 Â 10 À6 at the low fields of less than 80 kA/ m (¼ 1 kOe). The magnetostriction behavior in the low applied field region is superior to that of polycrystalline Fe 82 Ga 18 alloy with fine grain size of about 2 mm (see Fig.  4(b) ). of the samples annealed at 713 K increases with increasing annealing time, and reaches a maximum value of þ41 Â 10 À6 at H of 240 kA/m after 3.6 ks, though decreases in the short annealing time range. Furthermore, also decreases drastically in the long annealing time range more than 3.6 ks. In the case of annealing at 773 K, increases monotonically with increasing annealing time, and reaches a maximum value of þ62 Â 10 À6 at H of 240 kA/m after annealing time of 1.8 ks. The also shows the same decreasing tendency in the long annealing time range. From the results of Figs. 3 and 4 , it is understood that the of the (Fe 0:82 Ga 0:18 ) 85 B 15 alloy depends on the crystallization phase. The increases with an increase of precipitation amount of A2-Fe(Ga) phase with large magnetostriction. The subsequent decrease of is due to the decomposition of A2-phase to L1 2 -Fe 3 Ga phase. In addition, the residual magnetostriction is recognized even after the longer time annealing and the samples annealed at high temperatures include the C16-Fe 2 B phase. (3) large Hc of the sample including C16-Fe 2 B phase. The equilibrium structure of Fe 82 Ga 18 alloy at RT consists of A2-and L1 2 -phases. The increase of magnetostrictions of the Fe-Ga-B alloy after short time annealing is due to the precipitation of the A2-phase solid solution. The decrease of and increase of Ms after long time annealing result from the decomposition of A2-phase to L1 2 -phase. Moreover, the high Hc for the Fe-Ga-B alloy after high temperature annealing is due to the precipitation of C16-phase, because Hc of the Fe 82 Ga 18 binary alloy consisting of A2-and L1 2 -phases is not high. The mechanism for the decrease of Ms and s in the short annealing stage is not clear at present, more detailed investigation is underway. Figure 6 shows a bright-field TEM image of the (Fe 0:82 Ga 0:18 ) 85 B 15 alloy ribbon annealed at 773 K for 1.8 ks with the largest magnetostriction. The bright field image (a) reveals that the annealed ribbon consists of nanoscale granular particles with diameters of 20 to 50 nm. The selected area electron diffraction pattern shown in Fig.  6(b) indicates that the phase is a bcc phase. In addition, most of the area in this sample consists of A2-phase including Ga contents of 14 to 26 at%. In particular, the composition analysis of Fig. 6(b) It is concluded that the crystallized (Fe 0:82 Ga 0:18 ) 85 B 15 alloy has good magnetostriction property which is superior to these of conventional polycrystalline Fe-Ga alloys which has been desired as a new practical magnetostrictive material. In addition, the materials with dispersed nano scale particles have a possibility to be used as new magnetic sensor/ actuators.
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Conclusions
We attempted to form Fe-Ga-B amorphous alloys, and examined magnetostriction of the (Fe 0:82 Ga 0:18 ) 85 B 15 alloy in as-spun and annealed states. The results obtained are summarized as follows.
The (Fe 1Àx Ga x ) 85 B 15 alloys were vitrified in a wide Ga concentration range up to 0.21 by the melt-spinning technique. The (Fe 0:82 Ga 0:18 ) 85 B 15 amorphous alloy exhibits a small magnetostriction of þ30 Â 10 À6 at the low fields of less than 80 kA/m (1 kOe). The annealed alloy including A2-phase shows a higher magnetostriction of þ62 Â 10 À6 with good response similar to the amorphous sample. The magnetostriction of the (Fe 0:82 Ga 0:18 ) 85 B 15 alloy crystallized from an amorphous state is higher than that of Fe 82 Ga 18 polycrystalline alloy in spite of the low volume of A2-Fe(Ga) phase coexistent with C16-Fe2B phase. The origin of the higher magnetostriction for the crystallized (Fe 0:82 -Ga 0:18 ) 85 B 15 alloy is presumably due to the formation of A2-Fe(Ga) solid solution with high Ga concentrations from the amorphous phase.
Thus, Fe-Ga-X alloys (X: additional elements) have strong possibility of revealing higher magnetostriction by selecting an appropriate additional element and an optimum heat treatment. 
